Benzene, diphenyl sulfone (DPS), para-hydroxybiphenyl (PPP), ortho-hydroxybiphenyl (OPP), higher hydroxybiphenyls, and alkylated benzenes were found in a small lake receiving contaminated groundwater discharge from the Industri-Plex Superfund site (Woburn, MA) in the Aberjona watershed in eastern Massachusetts. All of these chemicals may derive from the former phenol manufacturing activities present at the Industri-Plex site during World War I.
Abbreviations used: BTEX, benzene, toluene, ethylbenzene, xylenes; DCM, dichloromethane; DPS, diphenyl sulfone; DHBP, 2,2'-dihydroxybiphenyl; GC, gas chromatography; HBHA, Halls Brook Holding Area; MPP, metaphenylphenol; OPP, ortho-phenylphenol; PPP, para-phenylphenol; t, metric ton; T, temperature; tk, thymidine kinase; VOC, volatile organic compound. inorganic chemicals (1) . The Aberjona watershed, located in the northern suburbs of Boston, was once a major center for leather tanning and chemical manufacture (2) . It contains two Superfund sites and numerous identified hazardous waste sites. Several studies on potential health effects in the watershed have been performed (3-6). In Woburn, one community of the Aberjona watershed, a childhood leukemia rate 4-fold above the national average was observed between 1966 and 1986 (7). This fact has been related to the consumption of contaminated drinking water pumped from wells G and H within the watershed south of the HBHA (3).
Benzene, diphenyl sulfone (DPS), p-hydroxybiphenyl (also called p-phenylphenol [PPP]), and o-hydroxybiphenyl (also called ortho-phenylphenol [OPP]), among other higher phenols and solvents, were identified as some of the major volatile and semivolatile organic compounds in the HBHA (8) . All of these pollutants may derive from the WW I-era manufacture process of phenol on the site (8) . Phenol, the first aromatic chemical synthesized on a large scale in the United States (9) , was a common disinfectant and starting material for the synthesis of dyes and explosive intermediates (picric acid). Here we report on the occurrence of these waste products of the manufacture of phenol and their distribution in an adjacent lake (the HBHA) receiving groundwater discharge from the former manufacturing site. The importance of recognizing the seasonally changing fate of a pollutant, and the consequences for temporally varying transport to downstream receptors, is exemplified in this paper with DPS. Many studies on the toxicity and mutagenicity of benzene (10) and OPP have been conducted (11) . Whereas benzene is toxic and a known human carcinogen (10), OPP is of low toxicity and experimental data are inadequate to evaluate OPP as a mutagen (11, 12) . Only a few studies on the toxicity of DPS and PPP are known (13, 14) . DPS and PPP have low toxicity for rats or mice (13) . In 1991 the U.S. Environmental Protection Agency recommended further study of the toxicologic effects of sulfones (15) . PPP and OPP, among other hydroxy biphenyls, are known estrogenic compounds (endocrine disruptors) (16, 17) . No data on the mutagenicity of DPS, and only data about OPP and PPP based on studies involving bacteria and/or nonhuman mammalian (rodent) bioassays, are reported in literature (11, 13) . To screen for these chemicals' toxicities and mutagenic activities, DPS, OPP, and PPP were tested in a human cell mutation assay (15, 16) . Briefly, this assay involves the use of B-lymphoblast cell lines (18, 19) . The hlA1v2 cells constitutively express the cytochrome P4501AI, which is necessary for the metabolism of many promutagens. The MCL-5 cell line, however, has been modified to express a complement of five human cytochrome P450 oxygenases (CYPlAl, CYP1A2, CYP2A6, CYP2E1, CYP3A4) and microsomal epoxide hydrolase. By combining this group of enzymes in the human cell culture used for chemical screening, the likelihood of recognizing the mutagenicities of particular test compounds requiring activation before acting as mutagens is enhanced.
Materials and Methods

Site Description
The HBHA is a small, shallow, 0. 17-kM2, 40,000-m3 lake in the Aberjona watershed located immediately to the south of Industri-Plex (Figure 1 ). This lake receives groundwater, about 100 m3/day (8) 
Sampling and Analysis
Detailed descriptions ofmost of the methods are given by Wick and Gschwend (8) . Briefly, lake data and water samples were taken monthly year-round. The deep-water samples were pumped at the deepest point of the lake (Figure 1, station A) from approximately 20 cm above the sediment, and surface water samples were taken from about 5 to 10 cm below the water surface. These samples were then extracted with dichloromethane (DCM) and analyzed with gas chromatography (GC) using d14-p-terphenyl and/or p-chlorodiphenylsulfone as spiking standards. The unknown compounds were identified by comparisons to GC retention times and mass spectra we obtained for authentic standards. For the analysis of volatile organic compounds (VOCs), samples were concentrated with a Tekmar LSC2000 purge and trap concentrator using a Tenax/silica gel/charcoal trap. A Carlo Erba HRGC (high resolution gas chromatograph) 5160 (Carlo Erba, Milan, Italy) equipped with a 75-m, 1-pm film thickness, DB5 capillary column (5% phenylmethylpolysiloxane; J&W Scientific, Folsom, CA) was used. 1,4-Bromofluorobenzene was used in all VOC analyses as an internal standard. Benzene was identified by GC retention times and GC-mass spectroscopy (Hewlett-Packard 5995B; Hewlett-Packard, Palo Alto, CA). Toluene, ethylbenzene, and the xylenes were identified by coelution and comparison of retention times on GC.
Biodegradation experiments were performed with oxic surface water at all seasons (8) . Summer 2 to 5% of the national phenol production, amounting to 5000 to 12,000 metric tons (t), was manufactured on the site. This would have resulted in the use of at least 8000 to 21,000 t crude benzene, assuming an overall yield of the phenol manufacture of 60 to 65% (8) . Approximately 100 to 300 t DPS and 80 to 210 t hydroxybiphenyls (OPP, PPP) were likely produced during these processes (8) .
By-Products ofthe Manu&te
Process to Phenol and Picric Acid Starting from crude benzene, the manufacture of phenol (sulfonic acid route) was a multistep process. Crude benzene was recovered from coke oven gas (light oil). The refining process of crude benzene normally consisted of two distinct operations: treatment of the crude benzene with concentrated (93%) sulfuric acid and fractional distillation of the acid-treated crude (25) . Toluene, ethylbenzene, and xylenes are common contaminants in crude benzene and by-products of the refining process (26). Benzene was then converted to benzenesulfonic acid, which was treated with NaOH to give crude phenol ( Figure  2 ). Crude phenol was purified by distillation. DPS is a by-product of the sulfonation; OPP and PPP, among other hydroxybiphenyls (e.g., meta-phenylphenol [MPP] and 2,2'-dihydroxybiphenyl [DHBP]) are side products of the conversion of the benzenesulfonic acid to phenol with caustic soda (8) . High loads of inorganic salts (Na2SO3 and Na2SO4) are also to be expected using this process (27) . The hypolimnetic water had Na+ and S04 2-as the major ionic species with typical concentrations of approximately 17 and 11 mM.
A significant fraction of the phenol produced by the New England Manufacturing Company was used in the manufacture of explosives on the site. Phenol was converted to picric acid through sulfonation and subsequent nitration of the disulfonated phenol (Figure 2 ) (28) . As in the production of phenol, other and still unidentified by-products can be expected from the manufacture of explosives on the site because recoveries of the war-driven manufacture of picric acid normally did not exceed 80% (28 (Figure 4 ).
In the other seasons, especially in the summer, biodegradation was the major sink for s on 25 biodegradation experiments ( Figure 4) ; note that the rates mentioned here derive from first-order fits of all of the data, irrespective of possible lag periods. The lag periods may be due to the spiking of the samples. Rate constants for spring and fall are both approximately 0.5 d-1. Losses in the poisoned control solutions were always negligible (< 10%). DPS therefore showed conservative behavior in the winter, leaving flushing as the major removal mechanism with outflow concentrations up to 13 pg/l. In the summer, biodegradation was the predominant sink of DPS from the epilimnion of the HBHA. Only low DPS concentrations (< 1 pg/I) were observed during the summer, and flushing was much less important than in the cold seasons of the year. For example, measurements of DPS concentrations during the winter at about 2 cd-present downstream in the Aberjona River watershed. Finally, our observations of benzene, a known toxic substance, demonstrate that at least some downstream delivery of one hazardous substance occurs from a subsurface waste site via groundwater exfiltration and surface water flow.
Conclusions
Diphenyl sulfone is most likely stable under anoxic conditions, but it is readily biodegradable under oxic, and especially warm, water temperatures. No biodegradation was observed in the winter, which identified flushing as the major removal mechanism. Because of the year-round stratification, the hypolimnion of HBHA acts as a reservoir of the contaminated groundwater inflow from Industri-Plex. This deep water may be episodically flushed by major storm events (which we did not monitor), resulting in pulses of contamination into the overlaying epilimnion with a subsequent downstream transport. Given the observation that cold water temperatures minimize biodegradation rates, as shown for DPS, such downstream transport may be especially important in the cold season. Such wintertime enhancement of the downstream delivery of normally biodegradable organic compounds may be common.
The presence of benzene, DPS, OPP, PPP, and other possible by-products gives clear evidence of a continued leaching of chemicals from an industrial site even 80 years after the operations (production of phenol) were stopped. Because of the high amounts of organic waste expected to be present at the site, at the current discharges to HBHA, a release of these and other unidentified side products could continue for a long time. Even if DPS, OPP, and PPP are nontoxic and nonmutagenic in our tests, the production of explosives suggests that a variety of other still unidentified and potentially toxic compounds (e.g., side products of the manufacture of explosives and their degradation products) may be flushed out of the HBHA to downstream receptors.
